Transboundary animal diseases, including highly pathogenic avian influenza, cause vast economic losses throughout the world. While it is important to identify the sources and propagation routes of the spread, such strategies are often hindered by incomplete epidemiological evidence. Isolation/detection of micro-amounts of pathogens from environmental samples is rarely successful due to the very low contamination level. This paper describes the development of the micro-amount of virion enrichment technique (MiVET), a simple and highly sensitive method that combines the use of a complex comprising a polyclonal antibody and protein G-coated magnetic beads for virion capture, and simple sodium dodecyl benzenesulfonate (SDBS) elution for low volume samples. The performance of the MiVET was evaluated using avian influenza A viruses (AIVs) in artificially spiked samples by real-time reverse transcription polymerase chain reaction (rRT-PCR). Four AIVs, H3N2, H4N2, H5N2 and H7N7, were used to artificially spike 50 ml of phosphate-buffered saline (PBS) and 1 ml of 10%-25% duck faecal supernatants. The MiVET system successfully concentrated AIVs in both PBS and faecal samples with at least 2 and 1 log greater efficacy, respectively, than conventional RNA extraction methods. The MiVET could be completed in <30 min from the beginning of sample preparation to final RNA extraction. The MiVET effectively prevented the effects of inhibitors in faecal samples, and did not require special equipment. This is the first report of this novel type of system, which is expected to be useful for the detection of micro-amounts of various veterinary and human viruses to elucidate their circulation dynamics in the environment, and for rapid and sensitive diagnosis with greater detection power.
evidence. Isolation/detection of micro-amounts of pathogens from environmental samples is rarely successful due to the very low contamination levels in environmental samples (Cottam et al., 2008; Sekikawa, 2017) .
Many protocols based on varying principles for the detection of micro-amounts of viruses in contaminated clinical and environmental samples have been reported. These include the polyethylene glycol, red blood cell capture concentration and PANtrap methods, which use inactivated protein A expressing Staphylococcus aureus cells (Khalenkov, Laver, & Webster, 2008; Saito, Toho, Tanaka, & Noda, 2015; Schwab et al., 2000) . However, it is time-consuming (requiring from 1.5 to 4 hr) and tedious to concentrate the virus from a large volume of a sample into a small volume of suspension for viral RNA extraction.
One of the most effective alternatives to this approach is immunomagnetic separation with monoclonal antibody-conjugated magnetic beads, which enables rapid and simple virus concentration from both chicken and human faecal samples (Dhumpa et al., 2011; Gilpatrick, Schwab, Estes, & Atmar, 2000) . However, such assays have not shown highly effective virus concentration performance, with efficacy ranging from 1 log-lower to 1 log-higher than that obtained using conventional column-based RNA extraction kits (Dhumpa et al., 2011; Park, Cho, Jee, & Ko, 2008) . A more sophisticated approach that highly concentrates micro-amounts of virus in a short time and prevents the effects of inhibitors in various samples is warranted.
Here, we developed the micro-amount of virion enrichment technique (MiVET). This method combines the use of a complex comprising a polyclonal antibody and protein G-coated magnetic beads (pG-MB) to effectively capture the virion, and simple sodium dodecyl benzenesulfonate (SDBS) elution for extremely low volume samples.
We evaluated the performance of the MiVET using artificially spiked PBS and duck faecal samples.
| MATERIALS AND METHODS
The study concept is summarized as a schema in Figure 1 . Laboratory work for the H3 and H4 strains were carried out at the University of Miyazaki, and that for the H5 and H7 strains at Azabu University.
| Preparation of immuno-magnetic beads (IMB)
A 2-ml microcentrifuge tube containing pG-MBs (Dynabeads Protein G, Thermo Fisher Scientific Inc., Waltham, MA, USA) was left to stand on a magnetic stand (for 2-ml microcentrifuge tubes, TaKaRa Bio, Kusatsu, Japan) for 2 min to remove the preservative solution according to the manufacturer's instructions. For conjugation with pG-MB, 1.2 ml of PBS containing 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MI) and commercially available polyclonal antibody (1:20;
anti-influenza A antibody, 4-5 mg/ml concentration; AB1074, Merck Millipore Corp., Burlington, MA), which broadly reacts with the surface of all influenza A virus subtypes, were added to the 2-ml microcentrifuge tube containing the pG-MBs. The mixture was incubated at 37°C for 15 min in a rotator at 20 rpm/min (RT-30 mini, Taitec Co., Koshigaya, Japan). To remove the supernatant containing unbound antibody after conjugation, the IMB was left to stand on the magnetic stand for 2 min. After washing with 1.2 ml PBS containing 0.05% Tween 20 to completely remove the unbound antibody, the IMB was stored at 4°C, and was used in experiments within 4 hr. 
| Virus strains

| Duck faecal samples
Duck faecal samples were collected from river-and lakeside fields in Kanagawa, Shiga and Miyazaki Prefectures in Japan between September 2017 and February 2018. All faecal samples were prepared as 50% faecal suspensions in 2-ml screw-capped tubes, and stored at −20 or −80°C until required. All faecal samples were confirmed to be AIV-negative by real-time reverse transcription polymerase chain reaction (rRT-PCR) described below.
| Optimization of sodium dodecyl benzenesulfonate (SDBS) and Tween 20 concentrations for MiVET
As shown in Tables 1 and 2 , various SDBS (Tokyo Chemical Industry Co., Tokyo, Japan) dilutions, ranging from 0.00005% to 0.25%, for extraction of crude RNA templates, and Tween 20 dilutions, from 0.1% to 5%, in the rRT-PCR reaction mixtures were tested for optimization. PBS (−) was artificially spiked with both H3N2 and H4N2 strains at 1:1,000 dilution to evaluate the inhibitory and neutralizing (Table 1 ). To sufficiently dissolve virions and obtain crude RNA, 0.2% SDBS was used (Table 2 ). For 2 μl of crude RNA template, a 20-μl SYBR Green I rRT-PCR reaction mixture was used to optimize both components (see Sections 2-9).
| Evaluation of the effect of pH on MiVET
Phosphate-buffered saline (−) samples (1 ml) of various pH, ranging from 4.0 to 10.3, were prepared and artificially spiked with a 1:10,000 dilution of the H4N2 strain. Using 2 μl of crude RNA template as the result of MiVET, SYBR Green I rRT-PCR was performed in a 20-μl volume reaction mixture, in accordance with Sections 2-9 (Table 3 ).
| MiVET for AIV-spiked PBS samples
Ten-fold serial dilutions of H3N2 and H4N2 AIVs were prepared in 50 ml of PBS (−) (AIV-spiked PBS) and manually mixed well. For conventional RNA extraction, 200 μl of each supernatant was transferred into new 1.5-ml microcentrifuge tubes and eluted in 50 μl of RNase-free water using the mag LEAD 6gC automated extraction platform (Precision System Science Co., Matsudo, Japan) for H3N2 and H4N2 strains, and the high pure viral RNA kit (Roche Diagnostics GmbH, Mannheim, Germany) for H5N2 and H7N7 strains, according to the manufacturers' instructions.
The remaining approximately 50 ml of AIV-spiked PBS was added to 50 μl of the IMB for MiVET. The mixture was incubated at 37°C for 15 min at 20 rpm/min in a rotator. The tube was left to stand on a magnetic stand (for 50 ml tubes, DynaMag-50, Thermo Fisher Scientific) for 3 min, and the supernatant was subsequently removed using a 10 ml-scale disposable dropper. After adding 1 ml of PBS (−) to the tube, the mixture of IMB and PBS (−) was transferred to a new 2-ml microcentrifuge tube and left to stand on a magnetic stand (for 2 ml microcentrifuge tubes, TaKaRa Bio) for 2 min before completely removing the supernatant using a pipet and a cotton swab. Eight microliters of 0.1% SDBS was added directly to the IMB to capture virions on the tube wall. After quickly mixing with a pipet and vortexing, the tube was kept at room temperature during preparation of the rRT-PCR reaction mixture (within 15 min), and left to stand on the magnetic stand for 2 min. 5 μl of the supernatant was used as the RNA template for the real-time RT-PCR assay. For H5N2 and H7N7 strains, the highest concentration suspensions were analysed for comparison. For monitoring of non-specific reaction between pG-MB and spiked viruses, the highest concentration suspensions of H3N2 and H4N2 strains were spiked into 50 ml of PBS, and added to 50 μl of the pG-MB without polyclonal antibody. A schema of the protocol is shown in Figure 2a . As shown in Figure 3 , the theoretical recovery rate of MiVET was calculated as follows: (2) (Ct difference) × 4 . Multiplying by 4 is considered by concentration performance of the conventional RNA extraction from 200 μl of initial sample to 50 μl of final elution. The MiVET performance in the highest concentration suspensions of spiked 50 ml of PBS was evaluated through student' t test, with differences considered significant at a p value (p) <0.05.
| MiVET for AIV-spiked duck faecal samples
Ten-or 100-fold dilutions of the four AIVs were prepared in PBS (−), and used to artificially spike 1.2 ml of 10% (H3N2 and H4N2) and 25% (H5N2 and H7N7) duck faecal supernatants to compare the limit of detection (LOD) of the MiVET and conventional RNA extraction methods. Briefly, after thawing the faecal suspensions in 2-ml screw-capped tubes, the tubes were centrifuged at 20,000× g for 5 min. The supernatants were collected, pooled, and adjusted to 10% or 25% in PBS (−) in a single new 50-ml centrifuge tube, before aliquoting 1.2 ml of the mixed supernatant to new 2-ml microcentrifuge tubes. The faecal supernatants were artificially spiked with the viral dilutions. From 200 μl of supernatant, virus RNA was eluted in 50 μl of RNase-free water by the method described above.
The remaining 1 ml of supernatant was used for MiVET. Briefly, 10 μl of the IMB was added to the supernatant. The mixture was incubated at 37°C for 15 min in a rotor at 20 rpm/min. The tube was left to stand on a magnetic stand (TaKaRa Bio) for 2 min, and the supernatant was removed using a pipet. After washing the IMB with 1-1.2 ml of PBS containing 0.05% Tween 20, the tube was left T A B L E 1 Optimization of the SDBS concentration for the amplification of crude RNA templates from 1:1,000 dilution of H4N2 samples to stand on the magnetic stand again for 2 min. This washing process was repeated 1-3 times. Finally, the supernatant was completely removed using a pipet and a cotton swab to prevent excess SDBS solution affecting the subsequent RNA extraction step. Two microliters of 0.2% SDBS was added directly to the IMB to capture virions on the tube wall. After quickly mixing with a pipet, and vortexing, the tube was kept at room temperature during preparation of rRT-PCR reaction mixture (within 15 min), and left to stand on the magnetic stand for 2 min. A total of 2 μl of the supernatant was used as the RNA template for real-time RT-PCR assay. A schema of the protocol is shown in Figure 2b .
| Direct real-time RT-PCR assay (Taqman)
Direct rRT-PCR was performed for 10-fold serial dilutions of the H3N2 and H4N2 strains using a superscript III platinum one-step qRT-PCR kit (Thermo Fisher Scientific) with a slight modification from the method used in our previous study (Tsukamoto et al., 2010) . Briefly, the final rRT-PCR reaction mixture comprised 5 μl of 
| RESULTS
The MiVET consistently concentrated and detected AIVs in PBS and faecal samples with at least 2-and 1-log-greater efficacy, respectively, than a conventional RNA extraction method. The MiVET required less than 30 min from the beginning of sample preparation to final RNA extraction. This system therefore allows for easy purification and concentration of virions in spiked PBS and duck faecal samples, and simple crude RNA extraction using 0.1%-0.2% SDBS.
The technique maintains efficacy at high concentrations by using a one-step rRT-PCR method with supplemental use of 1%-5% Tween 20 to neutralize SDBS residue and inhibitors derived from faecal samples.
Using 2 μl of crude RNA template in a 20-μl reaction mixture volume, we determined the SDBS concentration required for sufficient dissolution of AIV cells and subsequent release of crude RNA into the SDBS solution. While Ct values remained above 28 for 0%-0.0005% SDBS, they were consistently lower, at 22.81 for 0.05% and 22.91 for 0.25%, at higher SDBS concentrations (Table 1) . Based on these results, we determined that the optimal SDBS concentration for crude RNA extraction and volume of RNA template was 0.1% and 5 μl for spiked PBS (−) and 0.2% and 2 μl for duck faecal samples respectively. Additionally, we determined the Tween 20 concentration required for sufficient neutralization of the inhibitory effects of 2 μl of 0.2% SDBS in a 20-μl reaction mixture. While Ct values remained above 24 for 0%-0.0005% SDBS, they were consistently lower, from 21.09 to 22.10, for 0.1%-5% Tween 20 (Table 2) .
Based on these results and a previous report that showed the neutralizing power of Tween 20 against inhibitors in faecal samples (Hanabara & Ueda, 2016) , we determined that the optimal Tween 20 concentration was 1% for spiked PBS (−) and 5% for duck faecal sample. Virus-spiked PBS at varying pH exhibited stable Ct values ranging from 23.64 to 25.04 at pH 4.0-10.3 (Table 3 ).
As shown in Table 4 and Figure 3 , the MiVET successfully concentrated and detected AIVs in spiked PBS samples with at least 2 log (Table 4) (Table 5) .
| DISCUSSION
This study describes the development of MiVET, a rapid and highly sensitive virus concentration and detection system. IMB (a complex comprising a commercially available anti-influenza A virus polyclonal antibody and pG-MB) was used to capture micro-amounts of virus in the samples. By using a combination of simple incubation for virion capture, washing and SDBS elution within 30 min, the MiVET enables the virus to be concentrated with at least 2 log (for 50 ml of AIV-spiked PBS) and 1 log (for 1 ml of 10% and 25% duck faecal supernatant) greater efficacy than a conventional RNA extraction method (Figure 3 , Tables 4 and 5 ). Use of crude RNA extracted with SDBS as a template enables direct detection by real-time PCR amplification without the need for any purification or dilution steps to remove inhibitors, as previously reported (Hanabara & Ueda, 2016; Sekikawa, 2017) .
Previous studies that concentrated viruses using nonprotein coated immunomagnetic beads (Dhumpa et al., 2011; Gilpatrick et al., 2000) and red blood cells (Khalenkov et al., 2008) | 345 method involves tedious and long preparation steps of at least 1 hr (Saito et al., 2015) . In contrast, in the present study, we adopted both protein G-coated immunomagnetic beads and elution using extremely small volumes of SDBS. The latter enables high virus concentration efficacy due to its applicability under a wide range of sample pHs (Table 3 ) and rapid and stable RNA extraction performance using shorter preparation steps that can be completed in less than 30 min. A previous study reported the successful use of a 1:10 dilution of foot-and-mouth disease (FMD)-positive lesion samples in distilled water for direct detection of FMDV using a portable rRT-PCR device without conventional RNA extraction (Howson et al., 2018 ). When we previously used 1:2 dilutions of 10% lesion suspensions, we observed occasional inhibition of rRT-PCR amplification, interpreted as false-negative results, possibly due to inhibitors in the lesion samples (Howson et al., 2018) . In the MiVET, the combination of a simple incubation method for virion capture, washing, and SDBS elution successfully prevented the effects of these inhibitors, even those in faecal samples, which are one of the most inhibitory components of r(RT-)PCR amplification (Hanabara & Ueda, 2016; Schrader, Schielke, Ellerbroek, & Johne, 2012; Wilson, 1997) .
The performance of SDBS, a known surfactant and the analogue of sodium dodecyl sulphate (SDS), in extracting nucleic acids from cells with lower rPCR inhibitory effect is equivalent to that of SDS (Sekikawa, 2017) . Extraction of DNAs from Cryptosporidium, which have a tight cell wall, and inactivation of inhibitors in faecal homogenates for direct detection of entero-pathogenic bacteria require the use of 1% SDBS and subsequent heating at 90°C/boiling for 10-15 min, and neutralization with 5% Tween 20 in the rPCR reaction mixture (Hanabara & Ueda, 2016; Sekikawa, 2017) . However, the heating step is time consuming and may not be crucial for RNA extraction from vulnerable virus cells. Furthermore, supplemental use of 5% Tween 20 in the rRT-PCR amplification mixture slightly decreased amplification speed by a maximum of 1 cycle in the present study (Table 2) . We therefore determined the optimal ratio of SDBS and Tween 20 for maintaining sufficient amplification speed.
We found that at least 2 μl ( (Hanabara & Ueda, 2016; Iritani et al., 2000; Okamoto et al., 1999; Wiemels et al., 1999) . Although its components have not been made public, it enables direct DNA amplification from human faecal and blood samples by effectively neutralizing inhibitory substances (Hanabara & Ueda, 2016; Iritani et al., 2000; Okamoto et al., 1999; Wiemels et al., 1999) . In our preliminary tests, we first used ampdirect plus for direct RNA amplification in one-step rRT-PCR formats. However, the results in the two rRT-PCR assay formats for duck faecal samples differed. While SYBR Green I rRT-PCR produced consistently positive results (Table 5) In conclusion, we developed the MiVET, a simple and highly sensitive virus concentration system. The current spread of HPAI and associated financial damage highlight the need for early containment and control worldwide. The MiVET is expected to enable early diagnosis and implementation of appropriate control measures and elucidation of virus circulation dynamics in the environment. The ability to detect micro-amounts of virus using the MiVET will be valuable for precise diagnosis in the early phase in veterinary/human-positive cases and asymptomatic carriers, as well as for identifying the source/propagation route of the spread.
